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Minas-Rio Project, Anglo American property, located in Brazil, considers VertimillTM to make
the particle size distribution adequate to feed slurry pipeline. A pilot test campaign was
carried  out at Metso’s pilot plant facility located in York city, Pennsylvania State, USA, to
provide  information to scale up the industrial grinding circuit. The perfect mixing model,
normally  used to simulate ball mills, was used to compare the direct and reverse circuit
conﬁgurations.  The simulations were based on the appearance function determined from
the  laboratory tests using a batch tube mill. The combined breakage rate/discharge rate
function  (r/d) was determined from VertimillTM feed and product particle size distributions
obtained  from pilot tests. The residence time was estimated considering the mill hold-up
and  solids ﬂow rate. The simulation results show that there are no signiﬁcant differences
between  direct and reverse circuits for the sample tested.© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora  Ltda.  
nia  State, USA, to determine the speciﬁc energy consumption
to  obtain a product with 88% < 44 m.  The samples were
Este é um artigo Open Access sob a licença de CC BY-NC-ND.  Introduction
he VertimillTM is a vertical agitated media mill with a double-
elical  steel screw agitator located centrally in a vertical
ylindrical shell. The screw agitator lifts the media and cir-
ulates  it throughout the mill. The higher efﬁciency of the
ertimillTM is due to the higher frequency of lower energy
mpacts and, by the same token, smaller frequency of higher
nergy  impacts when compared to conventional ball mills [1].
ig.  1 shows the VertimillTM.
∗ Corresponding author.
E-mail:  douglas.mazzinghy@angloamerican.com (D.B. Mazzinghy).
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Este é uThe Minas-Rio Project, located in Conceic¸ão  do Mato Den-
tro  city, Minas Gerais State, Brazil, predicts the biggest slurry
pipeline  in the world with 525 km of length. There are 16
Metso  VertimillTM (VTM-1500) to adequate the particle size
distribution of the iron ore concentrate to feed the pipeline.
Anglo  American carries out a VertimillTM pilot test campaign
in  Metso’s pilot plant facility located in York city, Pennsylva-produced in Anglo American pilot plant facilities includ-
ing  crushing, grinding, desliming and ﬂotation to obtain the
tion. Published by Elsevier Editora Ltda. 
m artigo Open Access sob a licença de CC BY-NC-ND
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Fig. 1 – VertimillTM (Metso courtesy).
Table 1 – Standard appearance function.
i Appearance function
1 0.0000
2  0.1930
3  0.1570
4  0.1260
5  0.1010
6  0.0820
7  0.0660
8  0.0530
2.4.  Appearance  functionﬁnal concentrate that was  sent to Metso for VertimillTM pilot
tests.
The  main objective of the work was  to investigate the
differences between direct and reverse circuit and verify if
it  is possible to perform simulations considering the per-
fect  mixing model. The appearance function was  determined
from  laboratory tests using a batch tube mill and the simu-
lations  were  performed considering the combined breakage
rate/discharge rate function (r/d) determined from VertimillTM
feed and product particle size distributions obtained from pilot
tests.
2.  Modeling
2.1.  Perfect  mixing  model
The perfect mixing model can be considered a special case
of  the population balance model [2–4]. This model has been
used  to optimize and scale up many  different grinding circuits
around  the world. The model can be written as shown in Eq.
(1).
pi = fi −
(
ri
di
)
pi +
i∑
j=1
aij
(
ri
di
)
pi (1)
pi mass ﬂow rate of size fraction i in mill discharge (t/h);
fi mass ﬂow rate of size fraction i in the mill feed (t/h);
ri breakage rate of size fraction i (h−1);
d discharge rate of size fraction i (h−1);i
aij appearance function – mass fraction of the size j that
appears at size i fraction after breakage.9  0.0430
10  0.0350
The combined breakage rate/discharge rate function (ri/di)
can  be back-calculated by non-linear regression methods
using  fi and pi values obtained from pilot or industrial scale
circuits.  The appearance function aij can be determined in
laboratory  or a standard appearance function can be used.
The  function (r/d) could be changed by the mean residence
time  as shown in Eq. (2) [5].
(
ri
di
)
= 
(
ri
d∗
i
)
(2)
The function (ri/d∗i ) will be independent of solids ﬂow rate,
solids  concentration and mill volume and dependent on ball
load,  ball size, stirred speed and stirred design [6].
2.2.  Residence  time
The mean residence time can be estimated as a function of
the  volumetric feed rate and the mill hold up as shown in Eq.
(3).
 =
(
H
M
)
(3)
 mean residence time (h);
M solids ﬂow rate (t/h);
H  solids hold up (t).
2.3.  Hold  up
The hold-up can be calculated considering the mass of the
media  charge as shown in Eq. (4).
H =
(
mb
b
)
εsCv (4)
H solids hold-up (t);
mb mass of balls (t);
b balls density (t/m3);
ε porosity (%);
s solids density (t/m3);
Cv solids concentration by volume (%).The appearance function can be described by a standard func-
tion  as shown in Table 1 or can be described by truncated
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Table 2 – Media size distribution.
Cylpebs (mm) % Ret. kg
12.7 52.8 719
9.0 36.2 492
6.7 11.0 150
Total 100.0 1361
Table 3 – Batch tube mill test.
Mill diameter (m) 0.203
Mill length (m) 0.254
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Table 4 – Results from VertimillTM pilot test campaigns.
Circuit conﬁguration Direct Reverse
F80 (m) 66.6 66.0
P80 (m) 36.5 38.5
%  < 44 m 90.7 88.5
Speciﬁc Energy (kWh/t) 6.32 5.31
Table 5 – Residence time calculated by VertimillTM pilot
tests.
Circuit conﬁguration Direct Reverse
Media mass (kg) 1361 1361
Media dens. (t/m3) 7.80 7.80
Media porosity (%) 40 40
Solids dens. (t/m3) 4.98 4.98
% Mass conc. (by weight) 57.6 63.1
Solids feed (t/h) 0.83 0.84
Media volume (m3) 0.17 0.17
Slurry dens. (t/m3) 1.85 2.02
% Solids conc. (by volume) 21.4 25.6
Hold-up (t) 0.07 0.09
eters.
Fig.  3 shows the appearance function obtained by Eq. (5).
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osin–Rammler breakage function model [7], deﬁned in Eq.
5):
i,j = 1 − (1 − t10)(9/[(xj/xi)−1])

(5)
ij cumulative breakage function;
, t10 model parameters characteristic of the ore.
.  Experimental
.1.  VertimillTM pilot  tests
etso’s pilot plant facility located in Pennsylvania State, USA,
s  equipped with instruments to measure and register the data
rom the pilot test. The target of the continuous test was to
etermine  the speciﬁc energy required to grind the material
o  eighty-eight percent (88%) passing 44 m.
The  tests were  performed in closed circuit with a high fre-
uency  screen and in direct and reverse conﬁguration. The
crew  speed of the VertimillTM was  87 rpm. Samples from dif-
erent  ﬂows of circuit were  collected during the tests for solids
oncentration and particle size distribution analysis. Table 2
hows  the cylpebs size distribution used in the VertimillTM pilot
est.
.2.  Batch  tube  mill  tests
he appearance function was  determined using a conven-
ional  batch tube mill. Three tests were  performed considering
ifferent time intervals in wet basis (70% solids concentration
y  weight). The tests are designed to reach the desired prod-
ct  size distribution speciﬁed as a P80 value. The batch tests
ere  carried out considering the same cylpebs size distribu-
ion  using on the VertimillTM pilot test campaign. Table 3 shows
he  operational variables used in the batch tube mill tests.
.  Results  and  discussion
.1.  VertimillTM pilot  tests  results
able 4 shows the results obtained during the VertimillTM pilot
ests.
The  test with reverse conﬁguration presented the target
losest  to the project target (88% < 44 m).Residence time (min) 5.4 6.3
4.2.  Hold-up  and  residence  time  calculations
Table 5 shows hold-up and residence time calculated by
VertimillTM pilot tests through Eqs. (3) and (4).
The residence time calculated for direct and reverse circuit
conﬁgurations is very closed.
4.3.  Appearance  function
The appearance function was determined by the interpola-
tion  of the particle size distribution curves of each milling
test.  Fig. 2 shows the particle size distributions curves and the
response  of the model (Eq. (5)).
Table 6 shows the appearance function determined from a
batch tube mill considering  = 1.456 and t10 = 0.010 as param-Size ( µm)
Fig. 2 – Particle size distributions obtained from batch tube
mill  tests.
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Table 6 – Appearance function from batch tube mill tests.
i Size (m) Appearance function
1 295 0.000
2 208 0.293
3 147 0.134
4 104 0.076
5 74 0.047
6 53 0.031
7 44 0.025
8 37 0.021
9 25 0.013
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Fig. 3 – The appearance function for iron ore tested.
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Fig. 5 – Direct circuit with (ri/di) from reverse circuit (right) . 2 0 1 4;3(3):217–221
4.4.  Simulations
Data from mass balance of each test were used to perform
simulations using the perfect mixing model. Fig. 4 shows
the  VertimillTM feed and product size distributions measured
in  each of the pilot tests as well as the predicted product
from perfect mixing model. The square symbols represent the
experimental  data and the solid line represents the model
response.
The  values of the combined breakage rate/discharge rate
function  (ri/di) were  changed in the simulations to check the
differences  of direct and reverse circuit conﬁgurations. Fig. 5
shows  the result of simulations considering the direct circuit
with  (ri/di) from reverse circuit and reverse circuit with (ri/di)
from  direct circuit.
The  results of the simulations show that direct and reverse
circuit  conﬁgurations do not present considered differences.
5.  Conclusions
It was  possible to predict the particle size distribution of the
VertimillTM product, with good accuracy, by simulations using
the  perfect mixing model. The results of the simulations show
that  direct and reverse circuit conﬁgurations do not present
considered differences. The methodology used in this study
can  help the process engineers to understand the differences
between direct and reverse circuit conﬁgurations.
100
80
60
40
%
 P
a
ss
in
g
20
0
Size ( µm)
10 100 1000
erse circuit (left) simulations.
100
80
60
40
%
 P
a
ss
in
g
20
0
Size ( µm)
10 100 1000
and reverse circuit with (ri/di) from direct circuit (left).
o l . 2 
C
T
A
T
p
r
[
[
[
[
[
[j m a t e r r e s t e c h n 
onﬂicts  of  interest
he authors declare no conﬂicts of interest.
cknowledgement
he authors would like to thank the Anglo American for giving
ermission  to publish the results from VertimillTM pilot tests.
 e  f  e  r  e  n  c  e  s1] Mazzinghy DB, Schneider CL, Alves VK, Galéry R. Applying the
Population  balance model to predict the VertimillTM product
[0 1 4;3(3):217–221  221
particle size distribution. In: Proceedings of the 13th European
Symposium on Comminution & Classiﬁcation. 2013.
2] Napier-Munn TJ, Morrell S, Morrison RD, Kojovic T. Mineral
comminution circuits their operation and optimization.
Brisbane: JKMRC; 1996. p. 25.
3]  Whiten WJ.  A matrix theory of comminution machines. Chem
Eng  Soc 1974;29:589–99.
4] Whiten WJ.  Ball mill simulation using small calculators. Proc
Aust  Inst Min Metall 1976;258:47–53.
5]  Morrell S, Sterns UJ, Weller KR. The application of population
balance models to very ﬁne grinding in tower mills. In: XVIII
International Mineral Processing Congress. 1993. p. 61–6.
6] Napier-Munn TJ, Morrell S, Morrison RD, Kojovic T. Mineral
comminution circuits their operation and optimization.
Brisbane: JKMRC; 1996. p. 413.
7]  King RP. Modeling and simulation of mineral processing
systems. Oxford: Butterworth-Heinemann; 2002. p. 147.
